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Heterostructures consisting of a cuprate superconductor YBa2Cu3O7- and a 
ruthenate/manganite (SrRuO3/La0.7Sr0.3MnO3) spin valve have been studied by SQUID 
magnetometry, ferromagnetic resonances and neutron reflectometry. It was shown that due to 
the influence of magnetic proximity effect a magnetic moment is induced in the 
superconducting part of heterostructure and at the same time the magnetic moment is 
suppressed in the ferromagnetic spin valve. The experimental value of magnetization induced 
in the superconductor has the same order of magnitude with the calculations based on the 
induced magnetic moment of Cu atoms due to orbital reconstruction at the superconductor-
ferromagnetic interface. It corresponds also to the model that takes into account the change in 
the density of states at a distance of order of the coherence length in the superconductor. The 
experimentally obtained characteristic length of penetration of the magnetic moment into 
superconductor exceeds the coherence length for cuprate superconductor. This fact points on 
the dominance of the mechanism of the induced magnetic moment of Cu atoms due to orbital 
reconstruction. 
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1. Introduction 
 
The penetration of ferromagnetic correlations into a superconductor (S) and superconducting 
correlations into a ferromagnet (F) attracts increased interest in recent years [1, 2]. In the case 
of a contact between ferromagnetic and normal metal the ferromagnetic correlations penetrate 
into the normal metal on a small (order of atomic size) distance near interface due to 
exchange interaction (see. e.g., [3]). It has been shown theoretically [4-6] that at S/F interface 
under the influence of exchange field a change in the density of states take place due to the 
differences for electrons with spin up and spin down. Later it was shown that the sign and 
magnitude of magnetic moment arising in the superconductor were highly dependent on the 
parameters of S/F interface such as transparency, presence of impurities and the thicknesses 
of layers [7-9]. Influence of parameters of the spin active barrier at S/F interface on the 
magnetic moment in the superconductor was considered theoretically in [10], and occurrence 
of an anomalous magnetic response in a normal metal in contact with the spin valve S/F1F2, 
generating triplet superconducting correlation are given in [11]. Experimental study of 
magnetic proximity effect (MPE) at S/F interface based on ferromagnetic metal and 
conventional superconductors were conducted by a variety of methods (ferromagnetic 
resonance, muon scattering, neutron scattering, etc.) [12-15] and, in general, confirmed the 
conclusions of the theory. 
Among the structures made of cuprate superconductors with a small coherence length and 
anisotropic superconducting gap, the YBa2Cu3O7/La2/3Ca1/3MnO3 (YBCO/LCMO) 
superlattice (SL) was mainly studied. They revealed the presence of a magnetic moment in 
superconductor [16-20]. At the interface of cuprate superconductor and the magnetic material 
an induced magnetic moment of the Cu atom, oriented antiparallel relative to Mn atoms, was 
detected using X-ray dichroism [18-20]. It has been shown that the Cu and Mn atoms are 
connected through the interface by a covalent chemical bond, resulting in a strong 
hybridization and orbital reconstruction. Note that the characteristic length of orbital 
reconstruction greatly exceeds the interatomic distances and are 8-10 nm [21, 22]. 
Characteristic differences between the nuclear and the magnetic scattering profiles allowed to 
identify that a magnetic moment is induced in YBCO that is oriented antiparallel to the one in 
LCMO. On other side a magnetically “dead layer” arise in the LCMO region. [16,17] 
The appearance of the magnetic moment in the cuprate superconductor contacting the 
manganite was considered in [22] theoretically. It was shown that as a result of the 
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antiferromagnetic interaction of the spins of x2-y2 electrons of Cu and eg Mn a negative 
electron spin polarization is induced in the cuprate superconductor. The impact of this process 
on the properties of the superconductor is considerably stronger than the injection of spin-
polarized electrons in ferromagnetic. An important parameter for the analysis of the processes 
is the depth of penetration of the magnetic moment of the superconductor, which is not 
limited to the adjacent layers of the interface but determined by the 8-10 atomic layers of a 
superconductor [20, 22]. 
The comparison of LCMO/YBCO и LMO/YBCO shows that the magnetic proximity effect is 
stronger at the interface of superconductors with ferromagnetic material which has better 
conductivity. Even the comparable magnetization of LCMO и LMO films the magnetic 
moment induced in YBCO films is one order larger in LCMO/YBCO then in LMO/YBCO SL 
[17]. Thus MPE is governed by the electronic (orbital) state of the FM manganite layers. 
Preliminary studies of superlattices consisting of cuprate superconductors (YBCO) and 
rutenate ferromagnets (SrRuO3) showed a significant difference from superlattices with 
manganite (LCMO) in the dependence of the magnetization on the temperature [23], but an 
increase in the induced magnetization in YBCO films because of the better (almost an order 
of magnitude) conduction of SrRuO3 were not observed  
This paper presents the experimental study of the magnetic moment in a heterostructure 
containing a cuprate superconductor and a ferromagnetic spin valve, which is formed by two 
ferromagnetic layers. The interface between YBCO and ferromagnetic was made by SRO 
film. The magnetic moment measurements of the heterostructures were carried out by a 
SQUID magnetometer, neutron reflectometry and ferromagnetic resonance (FMR) technique. 
Analysis of the data obtained using these three methods allows to determine induced magnetic 
moment of the superconductor and the change in the magnetic moment in the ferromagnetic 
spin valve. The changes in magnetic moments of the individual layers in the heterostructures 
under the influence of triplet superconducting correlations in ferromagnetics, which are 
induced due to the non-collinear orientation of the magnetization vectors in the ferromagnetic 
films of the spin valve are discussed.  
 
2. Experimental procedure and samples. 
 
We investigated epitaxially grown thin-film heterostructures consisting of the YBa2Cu3O7- 
(YBCO) superconductor and two ferromagnetic layers: ruthenate SrRuO3 (SRO) and 
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manganite La0.7Sr0.3MnO3 (LSMO). The heterostructures were fabricated by laser ablation at 
a temperature of 700-800 °C and an oxygen pressure of 0.3-0.6 mbar. The thickness of the 
superconductor is in the range of 80-200 nm and the thickness of the ferromagnetic layers 
ranged from 5 to 20 nm (see. Table 1). The heterostructures were covered by a thin (20 nm) 
layer of gold. The substrates of 5x5 mm
2
 (110)NdGaO3 (NGO), (001)LaAlO3 (LAO) and  
(LaAlO3)0.3+(Sr2AlTaO6)0.7 (LSAT) were used. The magnetization vector of the epitaxial film 
LSMO deposited on the (110) NGO substrate or film (001) YBCO is placed in the plane of 
the substrate [24, 25], whereas the SRO film magnetization vector lies outside the plane for 
used substrates [26]. 
The detailed studies of the field and temperature dependences of the magnetization of the 
films and heterostructures were conducted using a SQUID magnetometer (MPMS 3, Quantum 
Design) in the VSM mode [27]. The plane of the substrate was set to the direction of the 
magnetic field within 1-2 degrees. 
The results of measurements of the field dependence of the magnetic moment of the 
heterostructure Au/LSMO/SRO/YBCO (#1 in Table 1) are shown in Fig.1. The measurements 
were carried out at temperature T = 100 K which is higher than the critical temperature of the 
superconductor. The dependence of the magnetic moment for external magnetic fields H 
oriented parallel and perpendicular to the substrate was measured. For the magnetic field 
parallel to the plane of the substrate the main contribution to the field dependence of the 
magnetic moment m(H) is given by the LSMO film, as for perpendicular field the SRO film 
gives the main contribution to m(H).  On the m(H) dependence, no influence of SRO film 
for H<600 Oe was observed (Fig. 1a). For the m(H) dependence the hysteresis loop of the 
heterostructure is determined by SRO film. (Fig. 1.b) 
 
 
Fig.1. The hysteresis loop for heterostructure #1 Au/LSMO/SRO/YBCO at T = 100 K for the 
magnetic field: (a) oriented parallel and (b) perpendicular to the substrate plane. 
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The magnetic saturation field for the ferromagnetic films differs by more than an order of 
magnitude: from 0.1-0.3 kOe for LSMO films to 5-7 kOe for SRO films. Note that the 
parameters of the magnetic films in the heterostructure may be different from the parameters 
of films deposited directly on the substrate. In particular, the saturation field of the 
ferromagnetic films in the heterostructure is slightly smaller than that for films deposited 
directly on the substrate [25-26]. 
From the hysteresis loop the magnetization of the LSMO films at T = 80 K is equal to 
2.5 B/Mn while for the SRO film the magnetization is equal 1.5B/Ru. The position of the 
easy axis of magnetization SRO film is close to the normal to the substrate plane. 
Noncollinear magnetization vectors of ferromagnetic films contributes to generation 
superconducting triplet correlations with non-zero spin projection of superconducting carriers 
in the ferromagnetic interlayer [28, 29]. 
The heterostructures were also investigated using a magnetic resonance spectrometer (Bruker 
ER 200), operating at the frequency  9.7 GHz. We measured the spectra of ferromagnetic 
resonance in a wide range of temperatures from 20 K to 300 K. The FMR spectra of the 
LSMO films in the heterostructures were obtained by cooling the sample in the field of the 
Earth. Upon reaching the desired temperature, the magnetic field was scanned from 0 to 4 
kOe. The FMR spectrum of the SRO film in our experimental conditions can not be seen 
because of large values of the magnetic anisotropy field. The magnetic component of the 
microwave field h MW was directed perpendicular to the plane of the substrate. An external 
magnetic field H0 is always lying in the plane of the substrate (see inset Fig. 2). 
The angular dependence of the FMR spectrum of a thin ferromagnetic film  in the presence of 
uniaxial and biaxial anisotropy for  a case H0 is lying in the plane of the film is described by 
the formula [30]: 
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where  is gyromagnetic ratio, Hu = 2Ku/M0, Hc = 2Kc/M0, Ku is the uniaxial anisotropy 
constant, Kc is the constant of cubic anisotropy parameter, M0 is the equilibrium 
magnetization in the absence of additional ferromagnetic layers, u and c are the angles for 
easy axis of  the uniaxial and cubic anisotropy with respect to the external magnetic field, 
respectively. Note both the easy axis of uniaxial anisotropy nU and the easy axis of cubic 
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anisotropy lie in the plane of the heterosructure. The following parameters of the LSMO 
ferromagnetic film in the heterostructure #2 at room temparature  can be determined from the 
fitting of experimental data using the formula (1): Ku = (8400±71) erg/cm
3
, Kc = (2250±66) 
erg/cm
3
, M0 = (1.615±0.001) B/Mn, as well as the direction of the easy axes of both uniaxial 
and cubic anisotropy (Fig.2). 
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Fig. 2. The angular dependence of the resonant magnetic field at T=295 K for heterostructure 
#2. The solid line shows the relation (1) with fitted parameters: Ku = (8400±71) erg/cm
3
, Kc = 
(2250±66) erg/cm
3
, M0 = (1.615±0.001) B/Mn. The inset shows the geometry of FMR 
experiment: nU is the direction of easy axis of the uniaxial anisotropy . 
 
Experiment with polarized neutrons was performed on a monochromatic reflectometer NREX 
(wavelength of 0.43 nm, the energy of 4.4 meV) located at the research reactor FRM II 
(Garching, Germany). The beam of polarized neutrons (polarization of 99.99%) fell on the 
sample at grazing angles  = (0.15-1). The beam divergence 1 = 0.025 was fixed by two 
apertures. The polarization of the reflected beam is detected using the analyzer with an 
efficiency of 98%. The external magnetic field in the experiment was directed in the sample 
plane and normal to the scattering plane. At a fixed temperature 4-channel intensity of small-
angle reflection: R
++
(θ), R--(θ), R+-(θ), R-+(θ) were recorded. The + and - signs point the 
neutron spin projection on the external magnetic field. The reflection coefficients without 
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neutron spin flip R
++(θ) and R--(θ) (SF-scattering) are sensitive to the sum and difference of 
nuclear profile (SLD) and the magnetization lying in the plane of the substrate and collinear to 
the external field (M||) respectively. The reflection coefficients with neutron the spin-flip R
+-
(θ), R-+(θ) are sensitive to the component of the non-collinear to the external field 
magnetization M. A feature of reflectometry of polarized neutrons is the insensitivity to the 
component of the magnetization normal to the plane of the sample [31, 32]. Fig. 3a shows the 
reflection coefficients measured at T> TC for heterostructure #1. The reflection coefficients 
without spin flip (NSF-scattering) R 
++
 (θ) and R -- (θ) are characterized by a region of total 
reflection at Q <0.15 nm
-1
 and Kiziha oscillations at QQcrit by the interference on different 
boundaries section in the structure. The essential difference between NSF -reflection 
coefficients R
++
(θ), and R--(θ), indicates the presence of collinear magnetization component. 
At the same time scattering with spin flip (SF- scattering) indicates on the presence of 
noncollinear magnetization component. Characteristic for SF- scattering of this structure is 
the existence of so-called the resonance peak near Qcrit, caused by resonance enhanced of 
neutron standing waves [31-33].  
 
  
Fig. 3. (a) The reflection coefficients of neutrons from Au/LSMO/SRO/YBCO heterostructure 
#1 at T = 80 K, H = 30 Oe. The calculated curves of the reflection coefficients are shown by 
solid lines. The calculated curves for the spin-flip reflection coefficients R
+-
(θ) and R-+(θ) are 
coincided. The arrow indicates the position of the waveguide peak coinciding with the critical 
value of the transmitted torque total reflection Qcrit. (b) The nuclear profile SLD (dot-dash) 
and profiles of in  plane magnetizations: M|| (solid line) and M (dotted line) for the 
heterostructure.  
 
 
The fit of the experimental data for the model proposed in [28] allowed to restore the profile 
of nuclear scattering length density (SLD), and the profile of both the collinear and non-
collinear magnetic moment components in the plane (Fig. 3b). As follows from the fit, the 
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interface has sharp transition region which does not exceed 2 nm. The magnetic state of the 
system is well described by the magnetic moment 2.5 B/Mn, at an angle of 43.3° to the 
direction of the external field. Projection of SRO film magnetization on the plane of substrate 
0.3 B/Ru is parallel to the external magnetic field.  The spin-flip scattering above TC is 
specified by the component of the magnetization LSMO film perpendicular directed to the 
external field. 
 
3. Results and discussion 
 
Table 1 shows the compositions and thicknesses of the films in heterostructures and the 
experimentally determined values of induced variation of the magnetic moment of the 
heterostructure – m. m for samples #2 and #3 were obtained from FMR measurements. 
LSAT substrate was used for heterostructure #4, on which an epitaxial film of cuprate 
superconductor doped by Ca -YCBCO (Y0.7Ca0.3Ba 2Cu3Ox) was deposited. 
 
Table 1. 
N  Substrate dS, nm dSRO, nm dLSMO, nm m,, 10
-6 
emu 
1 (001)LaAlO3 80 20 14 10 
2 (110)NdGaO3 80 17 7 (5±1.5)
 
3 (110)NdGaO3 180 0 20 ≤(1±2) 
4 (001)LSAT 150 13 25 2.5 
 
5 (110)NdGaO3 0 14 40 - 
6 (110)NdGaO3 0 0 50 - 
 
dS, dSRO, dLSMO–are thicknesses of YBCO, SRO and LSMO film correspondingly; m is the 
change of magnetic moment. The variations of m for the whole heterostructure were measured 
for heterostructure #1 and #4; in case of heterostructures #2 and #3 the ferromagnetic part of 
the heterostructure was measured. Cuprate superconductor Y0.7Ca0.3Ba2Cu3Ox was deposited 
for heterostructure #4. There is no superconductor in heterostructures #5 and #6.  
 
3.1. Magnetic measurements 
 
Figure 4 shows a family of temperature dependences of the magnetic moment for 
heterostructure #1 that parallel to the plane of the substrate m for several external magnetic 
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fields. These data were obtained using a SQUID magnetometer under cooling in a magnetic 
field (FC mode). The external magnetic field is in the plane of the substrate and was directed 
along one of its edges. More detailed measurements of magnetic anisotropy showed that the 
edge of the substrate forms an angle of 40 - 50 degrees relative to the easy axis of the 
magnetic anisotropy of LSMO. In the temperature range TC<T<TSRO (TC  55 K is 
superconducting transition temperature for YBCO film and TSRO 150 K is the Curie 
temperature for SRO film) the magnetic moment of the heterostructure is equal to the sum of 
magnetic moments of LSMO and SRO films. Under the influence of magnetic field the total 
magnetic moment changes due to the interaction between the magnetic moments of the films 
of LSMO and SRO. At low magnetic filed the total magnetic moment is smaller than the 
magnetic moment for LSMO film at the same temperature but at higher magnetic fields H 1 
kOe the total magnetic moment is larger than the one for the LSMO film. 
 
 
Fig. 4. Temperature dependence of the magnetic moment for m  for heterostructure #1 cooled 
in magnetic fields (FC mode) of H = 30, 100, 300, 700 Oe. The SRO film transition 
temperature to a ferromagnetic state is indicating by arrow. Left lower inset: Dependence of 
m magnetic moments in a field perpendicular to the substrate plane, measured in magnetic 
fields 1 – 30, 2 – 200, 3 - 500 Oe. The top right inset shows the dependence of the magnetic 
moment m heterostructures on the external magnetic field at TC T. 
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At T  TС a sharp increase of the magnetic moment of the heterostructure was observed (Fig. 
4). When the thickness of YBCO film dS = 80 nm less than the London penetration depth the 
magnetic field which is directed along the plane of the film, fully penetrates into the 
superconductor. Diamagnetic response due to the Meissner effect is not observed. Note, if the 
sample plane is tilted towards a small angle relative to the direction of the external magnetic 
field (which is very difficult to avoid in the absence of special adjustment), the influence of 
the perpendicular magnetic field is substantially greater than the parallel due to the 
demagnetizing factor of the film [34]. But the influence of the perpendicular component of the 
magnetic field is substantially reduced in cooling in a magnetic field (FC regime) due to the 
occurrence of Abrikosov vortices [34]. Indeed, m (T) dependence changes in zero magnetic 
field magnetic fields cooling (ZFC-regime). Influence of the perpendicular component leads 
to the fact that the temperature dependence of the magnetic moment is similar to the case of a 
perpendicular orientation (see the lower inset in Fig. 4). 
According to [35, 36] the induced magnetic moment in a superconductor can be estimated as 
ms  2BNSkBTСV  10
-5
 emu where the density of states NS = 7·10
22
 (eV·cm
3
)
-1
 [37],  kB and 
V are the Boltzmann constant, and volume of YBCO film correspondingly. This estimate is 
the same order of magnitude with the measured values m at T  TС   (see. Fig. 4). According 
to calculations [7], ferromagnetic exchange field induces a magnetic moment in a 
superconductor at a distance from interface of the order of the coherence length.  There is 
increasing of m at T  TС (positive sign).  The calculations [35, 36] predicted negative sign   
of m. However, in [7] is stated that if there is ferromagnetic with negative magnetic 
polarization, the sign of magnetic moment variation could be changed. A changing of sign of 
magnetic moment in superconductor can be caused by orbital reconstruction at the interface 
YBCO/SRO [23]. 
In the case of the orbital reconstruction mechanism it was obtained that in YBCO/LCMO 
superlattices the induced magnetic moments of the Cu atoms in a superconductor is equal to 
0.23B/Cu and it is directed against Mn moments [17]. However, there is no indication for 
which temperature this value was obtained. At the same time, in [19] for the same 
superlattices, 0.013 B/Cu was obtained at T = 28 K. If we assume that variation of the 
magnetic moment of our heterostructure is due to copper atoms positioned in a layer thickness 
of about 10 nm, for observation the variation of magnetic moment for heterostructure #1(m 
~ 10
-5
 emu) (see. fig. 4) we should take the value of the induced magnetic moment 0.25 
 11 
B/Cu. Changing the direction of the magnetic moment of copper was observed in [23], and in 
this case may be due to negative magnetization of SRO film [7, 26]. 
The magnitude of m increases with the external magnetic field (upper inset in Fig. 4). The 
calculation of the magnetic moment of the superconductor, which is in contact with a 
magnetic spin valve shows that the induced magnetic moment is proportional to sin , where 
 is misorientation angle in the ferromagnetic spin valve [35]. As follows from Fig. 4, at low 
fields the projection of the magnetic moment of the SRO ((mSRO) film on the plane of the 
substrate  is directed opposite to the magnetic moment of the LSMO film (mLSMO ) that means 
that  is close to 180. Increasing the magnetic field  reduces and m║ increases, which is 
observed in experiment. Depending on direction of  changing with H (clockwise or anti 
clockwise), m could be either positive or negative [35]. Our measurements show that at a 
field of about 1000 Oe, the SRO film contribution to the total magnetization of the 
heterostructure vanishes (temperature dependence of the heterostructure magnetic moment is 
close to mLSMO film). The angle between the mSRO and mLSMO is close to 90. With further 
increase of H, increasing of m║ was observed although it should be saturated [35]  
Change of m║ at T  TC  can also be associated with the occurrence of anomalous magnetic 
response in the normal metal (Au), which is in contact with the superconducting spin valve 
S/F1F2, generating triplet superconducting correlation [11]. According to our estimation 
(using the value of the susceptibility    = 10-3 [11]), this contribution does not exceed 2·10-10 
emu, which is significantly less than the measured values change m║. 
If the magnetic field is perpendicular to the plane of the superconducting film the shielding 
currents flow in a layer at the edge of the film =L
2
/dS ≈ 0.3 µm. The magnetic field is 
expelled from the superconducting film and diamagnetic response (Meissner effect) is 
observed. It can be seen in the dependence of the magnetic moment of heterostructure, 
measured in the direction of the magnetic field directed perpendicular to the plane of the 
substrate m(T)  (see the lower inset in Fig. 4). The critical temperature of the superconductor 
TC in the heterostructure can be determined from m(T) . Note that m(T) does not depend on 
the mode of cooling (FC or ZFC).  
 
3.2. Ferromagnetic resonance  
 
As noted earlier, the processing of the angular dependence of FMR spectra  using (1) allows 
us determine the parameter M0 and the direction of the easy axes in the LSMO film of the 
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heterostructures. The Fig. 5 shows the temperature dependence of the parameter M0 (left 
scale) as well as angles u and c under which easy axis of either uniaxial or biaxial magnetic 
anisotropy are directed correspondingly. The values of the angles are given for the case when 
the external magnetic field is directed along the [1-10] NGO substrate, which corresponds to 
the direction of the easy axis of the plane uniaxial anisotropy for LSMO film [25]. The Fig. 5 
shows that the direction of easy axis does not change in the studied temperature range, and 
thus determined by the same reasons as at room temperature [25]. Here one must specify that 
the parameter M0 determines the value of the magnetization in LSMO film (MLSMO) only at 
temperatures above the transition to the ferromagnetic state for SRO film. At lower 
temperatures, should take into account inter-exchange between two ferromagnets [38] that 
would lead to a resonant relationship, different from formula (1).  
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Fig.5. The temperature dependence of the parameter M0 (circles, left scale) and direction of 
easy axis anisotropy (right scale) uniaxial (u, triangles) and biaxial (c, inverted triangles) for 
the LSMO layer heterostructure #2, obtained from the processing of the angular dependence 
of FMR spectra of using the formula (1). Solid line is calculated magnetization of LSMO 
film,  and dashed lines demonstrate the absence of temperature dependence (see text). 
 
To demonstrate this fact the calculated curve for magnetization layer LSMO, obtained with 
the use of molecular theory of Weiss [39] and the magnetization МLSMO defined by the 
eformula (1) in the temperature range above TSRO are shown on tha Fig. 5 by solid line. It can 
 13 
be seen from the Fig.5 that at T > TSRO the parameter M0 exceeds the calculated curve that 
indicates on the presence of interlayer exchange interation between LSMO and SRO films. At 
T TSRO magnetization of LSMO reaches 3.0 B/Mn for heterostructure #2 that agreed with 
the data for #1 obtained using a SQUID magnetometer (see. Fig. 4) if we take into account the 
ratio between the volumes of LSMO film in heterostructure and the unit cell for LSMO film. 
Figure 6 shows the FMR spectra of LSMO film for heterostructure #2 near TC. A huge non-
resonant absorption signal at low magnetic fields having a hysteresis in the magnetic field is 
observed at T≤TC, when the YBCO film becomes superconducting [40]. As a result, the FMR 
signals at T <TC is recorded on the background of a giant non-resonant absorption. It increases 
the measurement error of the resonance field HCF, but allows determining the temperature of 
the superconducting transition in the YBCO film TC. At T > TC, the value of HCF determined 
much more accurately, as shown in the insert in Fig. 6. 
 
 
Fig.6. Temperature dependence of FMR spectra for heterostruture #2 at T on 1.04TC (a), 
1.03TC(b), 1.02TC(c) and 1.01TC (d) above TC  and spectrum at  T<TC. The sweep directions 
of the magnetic field at T<TC are indicated by arrows. FMR spectrum for two directions of 
magnetic filed variation for T=1.01TС, is shown in inset. Arrow indicates the resonance field, 
HCF.  
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Fig. 7 shows the temperature dependence of the resonance field HCF for FMR signals from the 
LSMO film in heterostructures #2 and #3 at T  TC. In all cases, the direction of the external 
magnetic field is taken along the easy axis magnetization. We see that for heterostructures #2 
there is a sharp change in the resonant field near TC. 
Previously, a reduction of the effective magnetization (an increased resonance field) of 
ferromagnetic layer in a bilayer S/F structure of the V/PdFe was observed in the spectrum of 
FMR in vicinity of TC in vanadium [12]. The effect was explained by the appearance of a 
cryptoferromagnetic state [41]. The authors of [7]  suggested another explanation for the 
experimental data associated with a magnetic proximity effect and based on calculations using 
the model of quasi-classical approximation. 
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Fig. 7. Temperature dependence of the resonance field for heterostructures #2 (circles) and #3 
(squares) in the vicinity of the superconducting transition temperature.  
 
In the heterostructure #2 the LSMO film was separated from the superconducting YBCO film 
by a SRO ferromagnetic film. So the jump in the resonance field HCF in LSMO layer should 
be associated with a change in the magnetization in the SRO film. We must take into account 
the interlayer exchange interaction LSMO and SRO, which occurs through the magnetic 
ordering of the boundary layer with high conductivity [42-45]. The detailed calculation of 
interlayer exchange interaction in the structure of LSMO/SRO will be considered in a separate 
paper. Here we note that, using the procedure outlined in [38, 46], we got the relationship 
between frequency and resonance field for a layer of LSMO heterostructure LSMO/SRO 
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similar to expression (1), but the value of the resonant field should be replaced by a 
combination: 
 
 
.
4 2
11
SRO
JSROSRO
SRO
JCF
LSMO
J
CF
HMH
HHH
H




    (2) 
 
Here HSRO  and MSRO are the uniaxial magnetic anisotropy field and the magnetization of the 
film SRO correspondingly, SROLSMOJH
,
1  and  
SRO
JH 2  effective field bilinear and biquadratic 
interlayer exchange for the corresponding layers, that are inversely proportional to the 
magnetization of the respective layers [38, 46].  
Theresonant relations requires constant for combination (2) on both sides of the magnetization 
jump at T TCbecause other parameters don’t change within the range of about 1K. From the 
condition of the constancy we obtain the relationship between the resonance field jump HCF 
in the LSMO film magnetization film and variation of MSRO in SRO film: 
 
SRO
SRO
CF
CF
SRO
SRO
M
H
H
H
M
M


4
      (3) 
 
Estimation by formula (3) shows that the change in the magnetization of the SRO film in the 
transition to the superconducting state of the YBCOfilm is about 0.5MSRO. Taking into 
account the contribution of SRO film (mSRO ~ 10
-5
 emu) in the total magnetic moment m║ of 
the heterostructure (Fig. 4), the amount of change in the magnetic moment of a ferromagnetic 
composite is smaller than the magnetic moment induced in the superconductor. Note that a 
positive sign SRO indicates a reducing of  the magnetization in the SRO film (see [7]). 
Fig. 7 also shows that in the heterostructure #3 Au/LSMO/YBCO, where the YBCO film is in 
the contact with ferromagnetic LSMO film  a noticeable change at TTC is not detected within 
the measurement error. This difference in the heterostructures #2 and #3 can be explained by 
absence of the components of the triplet excitation of the superconducting correlation in 
ferromagnetic spin valve [1, 7, 27, 47, 48], and low transparency of YBCO/LSMO interface 
[47]. It leads to a negligible penetration of the superconducting order parameter of YBCO in 
the ferromagnetic spin-valve and therefore to negligible changes in the magnetic moment of 
the heterostructure #3.  
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Note that the value of the resonant field in the heterostructure #2 continues to reduce after the 
jump at TTC. We not attribute this behavior with not to increasing the magnetization which at 
these temperatures is near saturation but with increasing of the interlayer exchange interaction 
between LSMO and SRO films with decreasing temperature. The magnitude of the 
magnetization of LSMO at a temperature close to TC is 97% of the saturated value, which 
explicitly excludes its role in reducing of the resonant field with decreasing temperature. 
Furthermore, the temperature dependence of the magnetic anisotropy field also affects the 
value of HCF.  
As an example, Fig. 8 shows the temperature dependence of the resonance fields for LSMO 
film in various heterostructure. There is a wide variety of changes in HCF with decreasing 
temperature although the temperature dependence of the magnetization of LSMO in structures 
shown in Fig. 8 behave in the same way. It should be noted that for the heterostructures # 5 
Au/LSMO/SRO/NGO  Fig. 8 shows the appearance of an additional bending curve HCF (T) at 
T  TSRO, indicating the existence of the interlayer exchange interaction between two 
ferromagnetic films. For heterostructure # 2 there is chang in HCF(T) at T = TC even on this 
scale 
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Fig. 8. The temperature dependences of the resonance field in LSMO films for 
heterostructures listed on the insert.  
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3.3.Neutron measurements 
 
Neutron-reflection curves were measured for samples #1 and #4 in the temperature range T = 
10 - 80 K. For both samples an increase in spin-flip scattering (SF-scattering) at temperatures 
below Tc was observed. Changing the magnetization of the heterostructure can be detected by 
means of the resonance peak caused by the neutron resonance enhanced standing wave. Fig. 9 
shows the strength in SF-scattering near the resonance peak measured at temperatures both. 
 
 
Fig. 9. The temperature dependence of the peak intensity of the neutron waveguide ISF(Q) 
for #1 heterostructure. The lines connect the data points. The inset shows the temperature 
variation of the peak area ASF. 
above and below Tc. Data is given for temperatures above and below Tc summarized in the 
temperature range T=70 - 90K and T=10 - 60K. As follows from Fig. 9, the the SF-scattering 
intensity increased during the transition to the superconducting state of the sample. The inset 
in Fig. 9 shows the temperature dependence of the peak intensity of the waveguide ISF(Q), 
which implies that an increase in SF-scattering at temperatures below Tc. A similar increase 
in SF-scattering intensity was also observed for sample #4 in either FC- or ZFC cooling. 
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Thus, the neutron data indicate a rise in the noncollinear magnetization in the heterostructure 
at the transition of YBCO film to superconducting state 
For a heterostructure of #1 fitting the date shows that the growth of SF-scattering can be 
satisfactorily described by the appearance of magnetization in YBCO film with magnetization 
0.4 B/Cu on a thickness 10 nm near interface with SRO. The vector of induced magnetization 
is directed parallel to the magnetization of LSMO layers, i.e on  45 ° to the external field. 
However, the change in the scattering without spin flip (NSF-scattering) (about 1-3%) caused 
by the moment does not exceed the statistical error in  the measured reflection coefficients. 
The growth of  SF-scattering at TTC  can be described by the appearance of a magnetic 
moment 4 B/Cu  on the  thickness on the order of the coherence length of YBCO (1 nm) near 
the interface with the SRO. This should result in a strong change of the coefficients NSF - 
scattering (over 10%) which was not observed in the experiment. Models involving growth 
noncollinear magnetization either in LSMO or SRO films describe the experimental neutron 
data also, but are in contradiction with the FMR data (see Section 3.2). A similar change in 
the peak intensity of a waveguide with a spin flip below the TC observed earlier in bilayer 
superconductor/ferromagnet - V(40nm)/Fe (1nm) [32, 49], which was interpreted as the 
appearance of induced magnetization +0.1B/V in 7 nm vanadium bordering with a thin layer 
of iron [30, 49]. 
 
4. Conclusions 
 
We experimentally observed the appearance of the induced magnetic moment inside the 
superconductor in heterostructures based on a cuprate superconductor with oxide 
ferromagnetic spin valve. The magnitude of a magnetic moment in superconductor is close to 
calculated data both from the induced magnetic moment of the Cu atoms due to orbital 
reconstruction at the interface, and from the model that takes into account changes in the 
density of states in the superconductor at the interface of superconductor with ferromagnet. 
The characteristic length of penetration of the magnetic moment into superconductor 
significantly exceeds the coherence length in the cuprate superconductor, indicating the 
dominance of the induced magnetic moment of Cu. 
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